Abstract. The structure of the complex zeolite IM-5 (Cmcm, a ¼ 14.33(4) A, b ¼ 56.9(2) A, c ¼ 20.32(7) A) was determined by combining selected area electron diffraction (SAED), 3D reconstruction of high resolution transmission electron microscopy (HRTEM) images from different zone axes and distance least squares (DLS) refinement. The unit cell parameters were determined from SAED. The space group was determined from extinctions in the SAED patterns and projection symmetries of HRTEM images. Using the structure factor amplitudes and phases of 144 independent reflections obtained from HRTEM images along the [100], [010] and [001] directions, a 3D electrostatic potential map was calculated by inverse Fourier transformation. From this 3D potential map, all 24 unique Si positions could be determined. Oxygen atoms were added between each Si--Si pair and further refined together with the Si positions by distance-least-squares. The final structure model deviates on average 0.16 A for Si and 0.31 A for O from the structure refined using X-ray powder diffraction data. This method is general and offers a new possibility for determining the structures of zeolites and other materials with complex structures.
Introduction
Zeolites have attracted considerable interest because of their diverse industrial applications in the areas of catalysis, separation and ion exchange. In particular, the synthesis of new high-silica zeolites has been actively pursued, because these zeolites tend to have higher thermal stability and consequently wider applications [1] . Structural information is fundamental to the understanding of zeolite chemistry and therefore to its application and possible modification. Unfortunately, most high-silica zeolites are polycrystalline or not even pure phases, and this has made the determination of their structures extremely difficult.
X-ray powder diffraction has been one of the most important techniques for solving the structures of unknown zeolites [2] . Several novel approaches such as incorporating crystal chemical information (FOCUS) [3, 4] , using pore/channel information to generate structure envelopes [5, 6] , or using textured samples to generate more singlecrystal-like data [7, 8] have been developed for this purpose. However, when the structures become too complex and a large portion of the reflections overlap in the powder diffraction pattern, structure determination from X-ray powder diffraction data alone is very difficult.
Recently X-ray powder diffraction has been combined with electron crystallography to determine the structures of several complex zeolites: TNU-9 [9] , IM-5 [10] , SSZ-74 [11] and ITQ-37 [12] . The advantages of electron crystallography as a complementary tool to powder diffraction are twofold: (1) electrons interact much more strongly with atoms than do X-rays, so polycrystalline materials down to 10 nm behave like single crystals with electrons on a TEM, and (2) the crystallographic structure factor phases, which are lost in a diffraction experiment, can be obtained from high resolution transmission electron microscopy (HRTEM) images. The phase information facilitates structure solution significantly.
Electron crystallography has been used to determine the structures of a large range of polycrystalline compounds, especially nano-and micro-sized crystallites. These include minerals [13] , oxides [14] [15] [16] [17] , metal clusters [18] [19] [20] , and intermetallic compounds [21] . One complex structure of n-AlCrFe with a ¼ 40.687 A, c ¼ 12.546 A, space group P6 3 /m was solved by combining information from HRTEM images and selected area electron diffraction (SAED) patterns from 13 zone axes [21] . There, 124 of the 129 unique atoms were determined by electron crystallography. Even structures of membrane proteins have been solved by electron crystallography [22, 23] . Thus, it is clear that extremely complex structures can be solved by electron crystallography.
Electron crystallography has also been applied to zeolites and ordered mesoporous materials [24] [25] [26] [27] [28] [29] . The structures of many interesting zeolites and related porous materials remain unsolved, because the samples contain more than one phase, have defects and/or the structures are just too complex to be solved from X-ray powder diffraction data alone. In such cases, the advantages of electron crystallography come to light.
Recently a novel approach to structure solution using a charge-flipping algorithm was reported [30] . Several complex zeolite structures have been solved by combining Xray powder diffraction data and electron crystallography using this new approach [10] [11] [12] . One example is that of the high-silica zeolite catalyst IM-5, whose synthesis was first reported in 1998 [31] . It has proven to be an important thermally stable catalyst for hydrocarbon cracking and NO reduction [32] . IM-5 is one of the most complex known zeolites, with 24 Si-atoms in the asymmetric unit, and crystallizes only in polycrystalline form. Even the unit cell dimensions are difficult to determine from X-ray powder diffraction data, because the large unit cell and coincidental relationships between the lengths of the axes cause an extreme degree of reflection overlap. Electron diffraction, however, is a single crystal technique and all reflections are recorded individually. This makes electron diffraction very powerful for the determination of unit cell parameters. Originally, the structure of IM-5 could only be solved by combining transmission electron microscopy and X-ray powder diffraction data in a charge-flipping structure solution algorithm [10] .
It is important to know if the structures of materials as complex as IM-5 can be solved by electron crystallography. It is also important to establish a general approach for doing so. In this paper, we examine a complete ab initio structure determination of the zeolite IM-5 using only electron crystallography and no prior structure information.
Experiments
The sample of IM-5 was synthesized by Benazzi et al. as reported earlier [31] . A small amount of IM-5 sample was ground to a fine powder and dispersed in acetone. A drop of this suspension was transferred onto a holey carbon film supported by a copper grid. SAED patterns were collected on Philips CM-30, JEOL JEM-3010 and JEOL JEM-2000FX transmission electron microscopes operated at 300 kV, 300 kV and 200 kV, respectively. For the determination of the unit cell parameters, several tilt series of SAED patterns were collected by tilting the crystals around diffraction rows with the shortest reciprocal distances. HRTEM images were obtained along the main axes on JEOL JEM-3010 transmission electron microscopes at 300 kV (point resolution 1.7 A). The SAED patterns and HRTEM images were recorded by a Gatan multiscan A40 or Keenview CCD cameras. To minimize the dynamic effects, only the thinnest edges of the crystals were selected for SAED and HRTEM.
All SAED patterns were analyzed by the program ELD [33] . The program Trice [34] was used to combine the SAED patterns from each tilt series, with the positions and intensities given by ELD, into 3D reciprocal space. The unit cell parameters were then determined from the 3D reciprocal space. Crystallographic image processing of the HRTEM images was performed by the program CRISP [35] . For each HRTEM image, the thinnest part of the crystal was selected and its Fourier transform was calculated. The corresponding contrast transfer function (CTF) was estimated from the Fourier transform, and the effects of the CTF were compensated for. The positions of the diffraction spots were determined and the corresponding reciprocal lattice was refined. The amplitude and phase were then extracted from each diffraction spot. Note that due to the lath-like crystal morphology of IM-5 ( Fig. 1 ), crystals were mostly oriented with the a-axis perpendicular to the holey carbon film. While HRTEM images with large thin areas (>100 nm) were relatively easy to obtain in the [100] projection, it was very difficult to find the [010] and [001] directions under TEM, especially crystals containing thin areas in the projections. In the best cases, very small thin areas (10-20 nm) could be obtained at the edges of the crystals in [010] and [001] projections. They were just enough for the image processing.
In order to determine the projection symmetry of the crystal, all possible plane groups were tested to see which one best fitted the experimental image. The corresponding projection symmetry was determined only from the phases, since different plane groups can give the same amplitude relationships. In addition, a slight crystal misalignment can introduce large changes in the amplitudes, but not in the phases. For each plane group, the phases of symmetry-related reflections obey some simple relationships if the origin is at a symmetry element. For example, a 2-fold axis is always selected as the origin for the plane group p2, and then all phases are restricted to 0 or 180 . A weighted average difference between the experimental phases and the phases after imposing the phase relations and restrictions is defined as the phase residual (j res ). It is calculated using the equation:
where A hk is the amplitude of reflection hk and Df hk is the phase error of reflection hk. When the origin is moved to a different position within a unit cell, all phases will be changed accordingly, while amplitudes remain the same. So, for a certain plane group, by searching throughout the whole unit cell, we can find the origin(s) that correspond to the lowest phase residual j res . The origin is then moved to such an origin. The R-value for symmetry-related reflections and the lowest phase residual were calculated for each possible plane group. The plane group that corresponds to the lowest phase residual j res and highest possible symmetry will be chosen as the correct projection symmetry. Finally, the projection symmetry was applied to the amplitudes and phases. The amplitudes for the symmetry-related reflections are set to be equal. The phases of all reflections were adjusted to correspond to the nearest possible phases according to the phase relationships and the phase restrictions. For example, for projections containing a 2-fold axis, all phases were adjusted to the nearest of 0 or 180 . The final amplitudes and phases will be close to those of the structure factors, if the crystal is thin enough. A projection of the potential map can be calculated by inverse Fourier transform using the amplitudes and phases after imposing the projection symmetry. The reflections obtained from HRTEM images along different zone axes were merged together. A 3D electrostatic potential map was calculated using the program eMap [36] , and the atomic positions were determined from this 3D potential map. The geometry of the final structure model was optimized using the distance least-squares program DLS-76 [37] . SAED patterns were simulated using the program MacTempas [38] , and the atomic coordinates from the model.
Results and discussion
The complete structure determination of IM-5 is divided into the following steps: (1) determination of the unit cell, lattice type and Laue group from SAED patterns, (2) determination of the projection symmetry and crystal structure factors from each HRTEM image, (3) 3D reconstruction from different projections and determination of atomic positions, (4) structure optimization by distance leastsquares refinement, and (5) structure verification. Each step is described in detail below.
Determination of unit cell, lattice type and Laue group
A general way of determining the unit cell is from a tilt series of SAED patterns, as shown in Fig. 1 . The 2D lattice for each SAED pattern was detected and further refined using the program ELD [33] . The positions, d-values and intensities of all diffraction spots were extracted. This information, together with the corresponding tilt angle for each SAED pattern in the tilt series, was used to reconstruct the 3D reciprocal space using the program Trice [34] . From the reconstructed 3D reciprocal lattice, the cell parameters were determined to be a ¼ 14.
. The reflection condition was h þ k ¼ 2n for all reflections, indicating that IM-5 is C-centered.
To check whether IM-5 is orthorhombic or adopts a lower symmetry, its Laue class needs to be determined. The SAED pattern along the [100] direction clearly shows 2mm symmetry (see Fig. 1 ). All SAED patterns obtained by tilting the crystal around the b * -axis show a mirrorsymmetry perpendicular to the b * -axis. Thus, the crystal has a mirror symmetry perpendicular to the b * axis in reciprocal space. Similarly, the crystal has a mirror symmetry perpendicular to the c * -axis in reciprocal space. Since reciprocal space is always centrosymmetric, there must also be a mirror symmetry perpendicular to the a * -axis. Thus, the diffraction pattern of IM-5 belongs to the Laue class mmm and its unit cell is C-centred orthorhombic. The similar intensity distributions and tilt angles of the symmetry-related SAED patterns (for example [501] and 
Determination of space group
The space group of IM-5 can be deduced from the systematic absences observed in the SAED patterns taken along the three main zone axes (shown in Fig. 2a-c) . This gives the following reflection conditions:
There are only 3 possible space groups corresponding to these reflection conditions: Cmc2 1 , C2cm and Cmcm [11] . These three space groups have the same systematic absences and can not be distinguished from diffraction Structure determination of the zeolite IM-5 using electron crystallography data. However, their projection symmetries are different, as shown in Table 1 . Since HRTEM images maintain the phase information, it is possible to determine the projection symmetries from HRTEM images. In this way, we can uniquely determine the space group.
HRTEM images along the three main zone axes are shown in Fig. 3 . The projection symmetry was determined by crystallographic image processing using the program CRISP [35] (Fig. 4 ). Amplitudes and phases for all observed reflections were extracted from the Fourier transform of each HRTEM image. The corresponding lowest phase residual j res was given for each plane group. The lowest phase residuals for the HRTEM image along the [100] projection are 4.5 , 9.1 and 11.1 , corresponding to pm (m ? c), pg (g ? b) and pmg (m ? c) symmetries, respectively ( Table 2 ). Since pmg is a supergroup of pm and pg and its phase residue is only higher by a few degrees than those for pm and pg, the higher projection symmetry pmg is the most reasonable one for IM-5 along the [100] direction. The projection symmetries along the [010] and [001] directions were obtained in a similar way from the HRTEM images, and found to be pmm and cmm, respectively, by comparing the corresponding phase residuals (see Table 2 ). The space group of IM-5 could be then deduced from the projection symmetries from the three main directions, to be Cmcm, according to Table 1 .
The phase residuals j res along the three main zone axes are 11.1, 13.2 and 16.0 , corresponding to the symmetries pmg, pmm and cmm, respectively. As a rule of thumb, phase residuals less than 20 are often acceptable so that the space group Cmcm is the most probable one. It is worth mentioning that due to the lath-like shape of the IM-5 crystals (see Fig. 1 ), the crystals along [010] and [001] directions are relatively thick, which makes the symmetry determination less reliable for those projections. We cannot completely rule out the possibility that the real structure may be slightly distorted from Cmcm symmetry.
For example, the projection symmetries along the [010] and [001] directions may be pm (m ? c) and cm (m ? b), which gave much lower phase residuals (3.7 and 6.4
, respectively). In such a case, the space group would be C2cm. 
Reconstruction of projected potential maps and 3D potential map
Once the projection symmetry is determined, a 2D map can be calculated from the amplitudes and phases extracted from the HRTEM image by an inverse Fourier transform. After imposing the symmetry, the maps correspond to the projected potential ( projections. In total, 14 pairs of common reflections were obtained, and 12 of them have consistent phases. The phase coherence of the common reflections shows the reliability of phases obtained from HRTEM images, which is essential for obtaining a correct potential map. The remaining two pairs of common reflections, (008) and (600), did not have the same phases for different projections. In both cases, the amplitudes of the reflection pair differed very much, 1454 and 164 for (008), and 750 and 203 for (600). This is due to dynamical effects. Here the amplitude and the phase of the strongest reflection from each pair were used for the 3D reflection data.
Once the common origin is found, new phases are recalculated according to the common origin by j new (hkl) ¼ j old (hkl) + 360 (hx s þ ky s þ lz s ), where Structure determination of the zeolite IM-5 using electron crystallography and pmg (m ? c) symmetries, respectively. Since pmg is a supergroup of pm and pg and its phase residue is only higher by a few degrees than those for pm and pg, the higher projection symmetry pmg is the most reasonable one. The final projected potential map after imposing the projection symmetry pmg is shown in the lower right. 
(x s y s z s ) is the origin shift. Since the HRTEM images were taken near the Scherzer defocus where all reflections were inside the first zero-crossover of the contract transfer function, black features (low intensity) in the HRTEM images correspond to atoms while white features (high intensity) to pores. Consequently, all phases should be shifted by 180 to make them comparable to crystal structure factor phases. Then atom positions will correspond to high density, as is the case in density maps calculated in X-ray crystallography.
The amplitudes of the reflections from different projections were scaled to one another using the common reflections with the same phases. This resulted in 144 unique reflections and R int was about 0.30 for Cmcm symmetry, which is acceptable for electron microscopy data. Some strong reflections, for example (0 0 10) extend to 2.0 A resolution, which is sufficient for determining Si positions (a typical Si--Si distance is 3.1 A).
Once the structure factor amplitudes and phases had been prepared, the 3D potential map of IM-5 was reconstructed by inverse Fourier transform using eMap (Fig. 6) . With a proper threshold, a clear framework envelope was obtained. Since very few strong reflections were measured beyond the resolution of a Si--Si distance (about 3.1 A), the peaks in the 3D potential map are not well resolved. Nonetheless, 24 unique peaks could be identified inside the envelope and assigned to Si positions by changing the threshold to a higher value (Fig. 6) . All of these Si positions are four-connected to others and are shown in Fig. 6a with an oxygen inserted between each Si--Si pair. The atomic coordinates for these 24 Si positions were determined from the 3D map and are listed in the Supporting Information.
Distance least squares refinement
Because of the relatively low resolution of the HRTEM images, the Si positions obtained from the 3D potential map were not accurate. In order to get more accurate positions, it is necessary to refine the Si positions either by performing a Rietveld refinement using powder diffraction data or by optimizing the geometry using a distance least squares (DLS) refinement if the sample is not pure or powder diffraction data are not available. Here, we choose the distance least squares refinement, using the program DLS-76 [37] .
Before refinement, it is necessary to find the connections between all Si atoms. In some cases, not all connections were obvious. There are several rules for high-silica zeolites: all Si atoms are connected to four other Si atoms via oxygen atoms; 5-and 6-rings are more common than 3-rings or double 4-rings. For IM-5, most framework oxygen atoms are inside the envelope in Fig. 6a , and the connections through these oxygen atoms were obvious. The few remaining connections could be found easily using the rules above. In total, 47 independent Si--Si connections were found and the distances between the Si pairs varied from 2.3 to 4.2 A.
Oxygen atoms were introduced exactly half-way between the 47 Si--Si pairs, and then 47 Si--Si (3.0824 A), 94 Si--O (1.616 A) and 120 O--O (2.639 A) distances were specified and assigned the weights 1, 4, and 2, respectively. With these 261 distances, the 174 coordinates defining the 24 Si and 47 O atoms could be refined. After distance least-squares refinement, the structural model was significantly improved. Then, the unit cell parameters were refined together with all coordinates and became a ¼ 14.33(4) A, b ¼ 56.9(2) A and c ¼ 20.32(7) A. All atomic coordinates are listed in the Supporting Information. In this final structural model, the estimated standard deviations of the atomic positions are about 0.1 A for Si and 0.2 A for O atoms, and this is sufficiently accurate to allow further refinement with X-ray diffraction data. All bond distances and most angles are reasonable. The only exception is Si10--O25--Si10, which is constrained to be 180 by the Cmcm symmetry (see Supporting Information). Compared with the initial positions obtained from the 3D potential map, the largest shift of Si positions is 0.88 A (for Si4) which might be due to the incompleteness and low accuracy of the data. Nonetheless, all final Si positions are in the high density region shown in Fig. 6a , and this means that even if some of the Si atoms moved considerably, the final structure model is still consistent with the potential map.
Structure verification
The procedure described above allowed all the atomic positions for Si and O for IM-5 to be obtained. The question is how reliable the final structure model is. Since the structure is already known [10] , our final structural model can be compared directly with the published one to get some feeling about its reliability. The unit cell parameters obtained from the SAED patterns were close to the reported ones with a deviation about 1%.
The phases the strongest 53 reflections obtained by electron crystallography are the same as those calculated from the published structure, with the exception of three relatively weak ones, (5 9 0, 8 0 0) and 3 21 0. The amplitudes of these three reflections are approximately 4-5% of the strongest reflection. All amplitudes with incorrect phases in all 144 reflections add up to only 7.5% of the total amplitude sum, which will only give very minor contributions to the final 3D potential map.
The amplitudes are also close to the calculated ones. Some peaks with low d-values (e.g. 0 0 10, 008, etc.) have much weaker intensities than they should, because no correction was made for the curvature of the Ewald sphere. This was not done because the thickness of the crystal was not known. The deviation of the amplitudes is about 37% for the 53 strongest reflections. In summary, both phases and amplitudes were consistent with those calculated from the published structure with acceptable deviations, and sufficiently small to allow the correct structural model to be found.
The 24 Si atomic positions obtained from HRTEM images are quite close to the ones refined by X-ray powder diffraction, with an average deviation of 0.47 A. After DLS refinement, the average deviations decreased to 0.16 A for Si and 0.31 A for O, and the largest deviations were 0.35 A for Si5 and 0.89 A for O13. As shown in Fig. 7 , our final structure model and the structure refined by X-ray powder diffraction match very well.
If IM-5 had been a totally unknown structure, the quality of the structural model would have to be checked differently. Of course, the reliability of each step described above would have to be examined carefully, but the observed SAED patterns could also be compared with those calculated from the structural model. Four calculated SAED patterns are shown in Fig. 2e -h and they show good agreements with the experimental SAED patterns (Fig. 2a-d) . So, even without knowing the structure, we could assess the model obtained from HRTEM images. For all the simulated SAED patterns in Fig. 2 , large thicknesses were used (100 $ 200 A), and the dynamic effects are significant. This is why we used the amplitudes from the HRTEM images rather than those from SAED patterns for the 3D reconstruction.
The SAED patterns can be interpreted further in view of the final model. The IM-5 structure is dominated by 5-and 10-rings along the [001] direction (Fig. 6) . The strong reflections along the [001] direction show a pseudo 10-fold symmetry at the resolution about 3.5 A (Fig. 2b) . It can also be observed that every third reflection along the b * -axis in Fig. 2b is strong, indicating that the structure has a pseudo three-fold super-lattice as shown in Fig. 6c . Turning to the [100] direction, there are 4 large pores per unit cell along the b axis, and the corresponding SAED pattern shows that every fourth reflection along the b * -axis is strong. Thus the final model is in good agreement with the experimental SAED patterns.
Conclusions
The unit cell and space group of the complex zeolite IM-5 were obtained directly from SAED patterns and HRTEM images. A structural model of IM-5 was deduced by electron crystallography from HRTEM images along the three main zone axes and then refined by DLS. The final structural model is very close to the structure refined by X-ray powder diffraction, with atomic positions differing on average by 0.16 A for Si and 0.31 A for O. The method presented here is especially useful for crystals that are too small, samples that are not pure, or zeolites with complicated structures. A.: A rational design of alkyl-aromatics dealkylation-transalkylation catalysts using C 8 Table S3 . Final atomic position compared with the position refined by X-ray powder diffraction. Table S4 . CIF of IM-5 after the DLS refinement. 
